New contributions that aim to accelerate the development or to improve the efficacy and safety of vaccines arise from many different areas of research and technology. One of these areas is computational science, which traditionally participates in the initial steps, such as the pre-screening of active substances that have the potential to become a vaccine antigen. In this work, we present another promising way to use computational science in vaccinology: mathematical and computational models of important cell and protein dynamics of the immune system. A system of Ordinary Differential Equations represents different immune system populations, such as B cells and T cells, antigen presenting cells and antibodies. In this way, it is possible to simulate, in silico, the immune response to vaccines under development or under study. Distinct scenarios can be simulated by varying parameters of the mathematical model.
Introduction
Computational science is a field that uses computers to study and solve problems from other areas of science and engineering. This broad multidisciplinary field encompasses areas such as computer science, mathematics and physics in order to develop models that can be simulated on computers.
In the same way an architect uses an architectural model to communicate and evaluate his/her ideas, as well as to better study some aspects of an architectural design, a computational scientist can use a computational model to represent and study some aspects of a problem. The model construction starts with the observation and the understanding of the phenomenon that is being investigated. Next, the computational scientist defines the model goals, that is, which questions must be addressed. The model goals define the level of abstraction that must be used. An architectural model can be constructed using distinct scales, depending on the level of details required. Usually the architectural model is constructed at much smaller scale than the original build, and for this reason, details are omitted and Mathematical modeling based on ordinary differential equations: A promising approach to vaccinology https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5328209/ 2/14 only the main aspects of the building are captured. The same occurs with computational models. They also can be constructed using distinct levels of details: the main aspects of the problem are captured by the model and the details, that do not contribute to the solution of the problem, are omitted. If the computational scientist is wrong, and some details are, in fact, key aspects of the model, they can be included in the model later. However, the more detailed the model is, the more challenge is its construction. Indeed, the word model comes from the Latin word modulus that means small measure. So a model represents another entity, usually using less details in its representation.
There are many different ways to model a problem. One way is using mathematics and physics to describe the phenomena associated with the problem. In this case, variables, constants and their relationship are used to characterize the problem that is being studied using a set of equations. Once a model has been defined, a computer simulation can be performed in order to validate the model. Again, there are many ways to execute a simulation on a computer, depending on the form that the model was defined. A useful analogy that can be used to better understand how a simulation is performed on a computer is the process by which an animated movie is made. An animation can be made using a succession of hundreds or thousands of draws, one displayed after the other one with a tiny time interval between them. In a similar way, a simulation can be viewed as the succession of many results. The results are computed using the model's equations. The time can be divided into tiny steps, called time-steps. The computer calculates the values that variables will assume at each time-step, using for this purpose their current values. This process is then repeated until all time-steps were computed. The validation is then performed comparing the results obtained from the simulations with the ones obtained with experiments. The model as well as the constant values can be modified in order to fit the simulation results with the experimental ones.
An interesting aspect about simulations is that, after the model has been validated, the researcher can change the model parameters, as well as the values used as initial conditions for the variables, and observe what happens with the results. Doing so, simulations can help researchers to make predictions about what is the response to different conditions. A larger number of hypotheses can be tested faster than their equivalent experiments, with lower costs and without exposing researchers or participants to risks. Finally, models can be used with optimization purposes. Given a scenario, which variable values can maximize or minimize an output?
Computational science has became so important that the US President's Information Technology Advisory Committee (PITAC) has considered it the third pillar of 21st century science. The report issued by this committee states that "Together with theory and experimentation, computational science now constitutes the 'third pillar' of scientific inquiry, enabling researchers to build and test models of complex phenomena."
A large number of areas make use of computational science: biology, physics, chemistry, engineering, biomechanics, climate modeling, tsunami and earthquake prediction, and so on. Examples of papers that make use of mathematical and computational models can be found in.
Some simulations try to reproduce or even predict the results obtained from biological experiments. In this case, the expression in silico is used to refer to the experiments that were performed by computers, via a computer simulation. It is an allusion to the in vivo, in vitro and in situ terms, which are commonly used in biology to refer to experiments done in living organisms, outside of living organisms and those that occurs in nature, respectively.
In the vaccinology field, computational science has been used to assist the vaccine development process. In particular, according to DeLisi and Berzofsky epitope-mapping algorithms is used for vaccine design since the 1980s. Since then, new computational tools have been used for selection of vaccine targets, see. techniques applied to vaccinology science. Most of the works focus on using computational science to predict epitopes, as the work of Lafuente and Reche, or to develop virtual screening approaches, see.
This work proposes a new use of computational science to vaccinology, in the clinical development stage. With the use of mathematical and computational models, it is possible to experiment, in silico, different scenarios related to vaccination, for answering important questions still open.
Results
As a proof of concept, this section presents the results of a model of the immune response to vaccination against the yellow fever (YF). The model uses a set of equations, that will be described later in the method section, to estimate the concentration of some cells, molecules and virus levels in the body after an individual has been vaccinated against YF. Although YF has been used in this study, it must be stressed that the concept is generic enough to represent the action of other diseases or vaccines in the human immune system.
The model can also estimate the concentration of all cells and molecules represented by the equations.
For example, Figure 1 shows the antibody dynamics, estimated by the model, after a vaccination against YF. In order to validate the results, we also present, in the same figure, experimental data obtained from the literature. As one can see, the results are consistent with existing literature. Figure 2 shows the same results presented in Figure 1 , but now focusing on the first 50 d after vaccination. Figure 4 shows the simulation results for the level of viremia after the administration of a booster dose of the YF vaccine. It can be seen that the viremia level now is lower than the one obtained by the first vaccination dose. This is an expected behavior since the immune system respond more rapidly and effectively to a pathogen that has been encountered previously due to the immunological memory. It must be stressed that this result has not been validated. 
Discussion
This section provides discussion about two distinct aspects of the results presented in previous section. The first aspect refers to the numerical results, and the second one refers to the use of computational science in vaccinology.
Computational results
One important aspect about a computational model is its validation. According to Knepell and Arangno, distinct types of validation can be performed on a computational model. One of the six types of validations is called external validity, which focus on validation as the comparison of simulated and experimental data. An exact match between simulated and experimental data are almost impossible to achieve in biological experiments. The point is to determine whether or not the difference of values between the results are acceptable or not.
As can be seen, the difference of values in Figures 1 and 2 occurs not only between simulated and experimental data, but also in the results of distinct studies, see, and among individuals in the same study. This is an implicit characteristic of biological experiments. For this reason, the model tries to adjust its results qualitatively according to the average behavior of the two experimental results used to validate the model. The peak values of antibodies occurs about 10 d after vaccination, then decays and remains almost constant after a long period after vaccination. Some antibody levels predicted by 44 41-42 the model fits perfectly to the average experimental levels observed in clinical studies, specially from experiments that used a large number of volunteers, as those obtained by a collaborative group.
From a qualitative perspective, the model presented in this work predicted accurately the effects of the YF vaccine on the organism (Fig. 3) , as well as after the administration of a booster dose of the YF vaccine ( Fig. 4) . From a quantitative perspective, the model must be better adjusted. Unfortunately, the availability of data in the literature does not allow us to validate the model.
On the use of computational science in vaccinology
The results presented in the previous section show that computational science cannot only be used during the pre-clinical trials, but also, as we argue, in the clinical trials. As stated before, the usage of computational science during this phase of the development of vaccines is not usual. In particular, computational science can help to determine the safe dosage range of a vaccine, prior its administration on volunteers. The idea is quite simple: the effects of multiple dosages can be simulated by a computational model in order to select the best one.
The World Health Organization (WHO) approved a new recommendation that a single dose of YF vaccine provides long-lasting protection. According to WHO, the 10-year booster dose requirement was removed based on several studies that present evidences that protective antibody levels are found many years after the first vaccination. However, also based on studies, other researchers claim that more caution should be taken before making a decision like that. Also, computational science can help to decide the need for a booster dose following a primary vaccination, in a similar way we have done in the previous section: simulating, using the actual vaccine dose, the concentration of antibody months, years or decades after the primary dose is given. The anamnestic response can also be simulated in a simple way, computing the values of antibodies after a stimulus of an antigen. Finally, since it can be computed the concentration of all cells, molecules and viruses that compose the model, the active B and T cell activity against the antigen after a certain amount of time that the primary vaccine was administered can be used to predict if a booster dose is necessary or not. The YF vaccine model used in this work considers the populations of vaccine virus and CD4+ T cells, among others. These populations may have an important role in trying to answer some open issues related to vaccination of YF. One of them is related to the administration of the vaccine in immunocompromised individuals such as those infected by HIV (Human Immunodeficiency Virus), for example. It is observed, in these individuals, a reduction in the population of CD4+ T cells. This reduction directly affects the immune response, and for this reason the administration of vaccines made with live virus, such as the YF vaccine, should be done with caution. With the use of computational models, it is possible to test, in silico, distinct possibilities and scenarios. As the model considers the population of CD4+ T cells, it is possible to reduce their initial amount to simulate the impact of vaccines in HIV infected individual.
These are three examples of situation in which computational science can help in the clinical trials. The use of computational models can help to reduce costs, time, risks and volunteers involved in the process. Of course, to achieve these objectives, models must be reliable. Since models are always an abstraction of reality, using simplifications in order to deal with complexities, many factors that can contribute to the real phenomenon may be ignored during this process.
Material & methods
The mathematical model developed in our previous work to describe the effects of YF in the body was used, in this paper, to reproduce the main stages of the immune response produced by the vaccination against YF. For a review of the mathematical model, see. Although the mathematical model is the same, some parameters values were modified to represent live attenuated vaccine instead of the active virus.
The model considers, in a high level of abstraction, the main populations of cells and molecules involved in this process, which begins when the vaccine viruses are inoculated in the body and, after that, local cells are infected. This infection stimulates immature antigen presenting cells (APCs) present in the site to internalize antigens and become active. These cells then migrate to the lymphoid compartment and become mature, and thus capable of activating naïve cells, such as CD4+ T cells.
The naïve CD4+ T cells, when activated by the action of mature APCs, differentiate into CD4+ T effector cells. They have the function of assisting in the process of recruitment of the population of CD8+ T cells and B cells to help fight infection. The naïve CD8+ T cells, when they are activated with the help of CD4+ T effector cells, differentiate into effector CD8+ T cells which migrate to the site of the vaccine application. The CD8+ T have the function of inducing the apoptosis of infected cells.
The naïve B cells, when active, differentiate into two types of antibody secreting plasma cells, shortlived and long-lived. A portion of active B cells also differentiate into memory B cells, which remain in a rest state until a new exposure to the same virus occurs. When this happens, they become active again, but faster, assisting in the control of infection because they produce antibodies faster. Early produced antibodies will opsonise viruses before they can infect a large number of cells. In addition, memory B cells also maintain long-lived plasma cell levels. Figure 5 shows a simplified scheme that represents populations and interactions represented by the mathematical model using for this purpose Ordinary Differential Equations (ODEs). Figure 5 .
Schema of the interaction between all cells, molecules and viruses populations considered in the model.
ODEs is a mathematical tool used to measure the change of a quantity which is determined by another quantity. The change of a quantity is called derivative. In vaccinology, we are interested in the changing of all cells, molecules and viruses concentrations with respect to time.
Each of the ODEs are composed by several terms, as the conventional algebraic equations are. Equation 1, one of the equations that composes our model, is an ODE that represents the virus (V) dynamics. π (V)H denotes the production of free virions by infected cells (H*), c V denotes the non specific virus clearance by the immune system, where c is the virus clearance rate. K VA denotes the specific virus clearance due to the YFV opsonization by antibodies, with a virus clearance rate k . A represents the population of antibody in the tissue.
This type of equation sometimes has no analytical solution or it may be difficult to solve, so the use of numerical (a.k.a. computational) methods for its resolution is mandatory. The model used in this work consists of 19 ODEs. To solve the ODEs system we implemented a code in Python programming language. Python version 2.7.3 was used. The ODEs was solved using the function odeint. The experiments were performed on a 2.13 GHz Intel Core i3-M330 processor, with 4 GB RAM. The system runs a 64-bits version of Linux 3.11.10-100.fc18. The complete set of equations and technical aspects of the implementation, as well as the parameters and initial conditions that has not been modified can be found in our previous work. Table 1 presents the values that has been modified in this work to perform the adjustment to the new experimental data obtained from literature. 
The development of vaccines can be divided into two broad stages: a) preclinical development and b) clinical development. Computational science has been used to assist in the pre-clinical development, in particular in the identification of relevant antigens. As a proof of concept, the paper presented the results of a model of the immune response to vaccination against the YF. The model uses a set of ODE to estimate the concentration of some cells, molecules and virus levels in the body after an individual has been vaccinated against YF. From a qualitative point of view, the results obtained by the computational model reproduced the clinical results that can be found in the literature.
Although YF has been used in this study, the concept presented in this work is generic enough to represent the impacts of other vaccines in the human immune system.
As future works, we would like to improve the quantitative results obtained from our model, which will require access to more information that is available in the literature, such as the concentration of CD4+ T cells, CD8 T cells, B cells, an so on.
We believe that in a near future computational science will be used to assist the clinical development of vaccines, in order to a) suggest the optimal dose of a vaccine, b) determine the average vaccination coverage and whether or not a booster dose is necessary, and c) point the differences in the immune response of a vaccine in immunosuppressed individuals. 
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